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Abstract The enhanced heart rate and blood pressure
soon after awaking increases cardiac oxygen demand, and
has been associated with the high incidence of acute
myocardial infarction in the morning. The behavior of
cardiac oxygen supply is unknown. We hypothesized that
oxygen supply decreases in the morning and to that pur-
pose investigated cardiac oxygen demand and oxygen
supply at night and after awaking. We compared hyper-
tensive to normotensive subjects and furthermore assessed
whether pressures measured non-invasively and intra-
arterially give similar results. Aortic pressure was recon-
structed from 24-h intra-brachial and simultaneously
obtained non-invasive finger pressure in 14 hypertensives
and 8 normotensives. Supply was assessed by Diastolic
Time Fraction (DTF, ratio of diastolic and heart period),
demand by Rate-Pressure Product (RPP, systolic pressure
times heart rate, HR) and supply/demand ratio by Adia/Asys,
with Adia and Asys diastolic and systolic areas under the
aortic pressure curve. Hypertensives had lower supply by
DTF and higher demand by RPP than normotensives dur-
ing the night. DTF decreased and RPP increased in both
groups after awaking. The DTF of hypertensives decreased
less becoming similar to the DTF of normotensives in the
morning; the RPP remained higher. Adia/Asys followed the
pattern of DTF. Findings from invasively and non-inva-
sively determined pressure were similar. The cardiac
N. Westerhof
Department of Physiology, Institute for Cardiovascular
Research, ICaR-VU, VU University Medical Center,
Amsterdam, The Netherlands
N. Westerhof
Department of Pulmonary Diseases, Institute for Cardiovascular
Research, ICaR-VU, VU University Medical Center,
Amsterdam, The Netherlands
J. M. Karemaker
Department of Systems Physiology, Academic Medical Center,
University of Amsterdam, Amsterdam, The Netherlands
W. J. W. Bos
Department of Internal Medicine, St Antonius Ziekenhuis,
Nieuwegein, The Netherlands
B. E. Westerhof  I. Guelen
BMEYE, Amsterdam, The Netherlands
B. E. Westerhof  J. J. van Lieshout
Laboratory for Clinical Cardiovascular Physiology, Center
for Heart Failure Research, Academic Medical Center,
University of Amsterdam, Amsterdam, The Netherlands
J. J. van Lieshout (&)  G. A. van Montfrans
Special Medical Care, Department of Internal Medicine,
Academic Medical Centre, University of Amsterdam,




II Cardiology Unit, S. Luca Hospital, University
of Milano-Bicocca and Istituto Auxologico Italiano,
Milan, Italy
J. A. E. Spaan
Department of Biomedical Engineering and Physics,
Academic Medical Center, University of Amsterdam,
Amsterdam, The Netherlands
123
Med Biol Eng Comput (2011) 49:1073–1081
DOI 10.1007/s11517-011-0810-7
oxygen supply/demand ratio in hypertensive patients is
lower than in normotensives at night. With a smaller night-
day differences, the hypertensives’ risk for cardiovascular
events may be more evenly spread over the 24 h. This
information can be obtained noninvasively.
Keywords Aortic pressure  Cardiac oxygen demand 
Noninvasive  Monitoring  Myocardial ischemia
1 Introduction
The increased risk of sudden cardiac death soon after
awaking has stimulated the search for mechanisms respon-
sible for this phenomenon [33, 34]. Apart from non-hemo-
dynamic factors, attention has been mainly focused on the
increase in heart rate and systolic blood pressure early in the
morning, both indicators of cardiac oxygen demand. Obvi-
ously, patients with isolated systolic hypertension can be
expected to have a higher demand. Since heart rate increases
in the morning, the diastolic period, i.e., the time when an
important part of subendocardial perfusion takes place, may
be expected to decrease. Therefore, oxygen supply may
decrease at the same time. Both cardiac oxygen supply and
demand are relevant and changes in the ratio of supply and
demand can be associated with morning excess of acute
myocardial infarction [15, 28, 32–34].
We investigated whether changes in oxygen supply and
demand from night to morning are different in hypertensives
as compared to normotensives. A secondary goal was to
investigate whether pressures measured non-invasively and
intra-arterially give similar results. To this end we analyzed
24 h blood pressure and heart rate recordings using contin-
uous and simultaneous intra-arterial brachial pressure and
non-invasive finger arterial blood pressure tracings. Data
were obtained in 14 hypertensive patients and in 8 healthy
normotensive volunteers as part of a previous study [23].
Aortic pressure reconstructed from both brachial and finger
pressures were analyzed to determine indices, which are
accepted as parameters related to cardiac oxygen supply,
cardiac oxygen demand, and the supply–demand ratio. We
hypothesized that besides the well known increase in cardiac
oxygen demand indices, additionally cardiac oxygen supply
will decrease after rising.
2 Methods
2.1 Subjects
We studied 14 hypertensive patients (20–60 years; 10 men
and 4 women) and 8 normotensive male volunteers
(19–32 years) recorded for a blood pressure (BP)
measurement validation study [23]. The hypertensives
discontinued their medications 2 weeks prior to the mea-
surements. All subjects gave written informed consent and
the ethics committees approved the protocol [23].
2.2 Measurements
Invasive arterial pressure (IAP) was measured in the bra-
chial artery of the non-dominant arm with the Oxford
Medilog Mark II system and noninvasive arterial pressure
(NAP) was obtained at a finger of the dominant arm using
the Portapres device. For a detailed description we refer
Imholz et al. [23]. Measurements were performed from
1 PM until 1 PM the next day. Apart from free in-hospital
activities, all subjects performed the following activities at
preset times: siesta (2:00–3:30 PM), cycling at 50 W
(4:45–5:15 PM), sleep (10 PM–6 AM), and two walks
outside the hospital (10:00–10:30 AM, 11:00–11:30 AM).
2.3 Data analysis
The blood pressure signals were A/D converted with a
sampling rate of 100 Hz, which is sufficient for signals
with low frequency content such as arterial pressure. No
moving averages or other smoothing techniques were used.
Episodes with artefacts were rejected. Aortic pressure
waves were reconstructed from invasive brachial and
noninvasive finger artery pressures using two dedicated
generalized transfer functions [5–7, 13, 20, 21, 27, 41, 43].
The transfer function compensates for the physiological
transformation of pressure waves that travel towards the
periphery. Data on validation of the generalized transfer
functions between intra-arterially measured brachial pres-
sure and aortic pressure [44], and between noninvasively
obtained finger pressure and aortic pressure have been
reported earlier [27]. Beat to beat values of systolic, mean
and diastolic BP and heart rate (HR) were determined for
the aortic pressures.
The following indices were derived from aortic pressure
(Fig. 1):
• The diastolic time fraction (DTF, the ratio of duration
of diastole and heart period) which reflects oxygen
supply and is directly related to coronary blood flow if
the coronary vasodilatory reserve is exhausted [17, 30,
39].
• The rate-pressure product (RPP, systolic pressure times
HR), which gauges cardiac oxygen demand [37, 42].
• The ratio of the diastolic area (Adia) and systolic area
(Asys) under the aortic pressure curve which is a
measure of the supply–demand ratio [8, 9, 22, 38].
The cardiac oxygen demand parameter proposed by
Rooke and Feigl [37] was also calculated. The formula is
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MVO2 ¼ K1 SBP  HRð Þ þ K2 0:8  SBP þ 0:2  DBPð Þ
 HR  SV/BW þ 1:43;
with MVO2: left ventricular myocardial oxygen con-
sumption (ml O2/min/100 g); SBP and DBP: systolic and
diastolic blood pressure (mmHg); SV: stroke volume (ml)
[40]; BW: body weight (kg); K1: 4.08 9 10
-4 and K2:
3.25 9 10-4.
Results are obtained from intra-arterially determined
brachial pressure and from noninvasively measured pres-
sure for comparison. Thirty-minute averages were calcu-
lated for all indices. The effect of morning rising was
evaluated by comparing 10 30-min averages before
(12:30–05:00, night) and after rising (08:30–13:00, morn-
ing). Although awaking was at 06:00 according to the
protocol, some uncertainty exists whether or not all patients
awoke/rose at exactly that time. Therefore, the period
between 05:30 and 08:00 was not included in the analysis,
comparable to practice in the analysis of the morning blood
pressure surge [24].
Results were expressed as mean ± SD in tables and as
mean ± SE in figures. Night vs. morning values from
hypertensives vs. normotensives were compared by two-
way ANOVA. The Tukey test was used for post hoc
multiple comparisons if significant group and/or interaction
effects were detected. Indices from NAP and IAP were
compared with Bland and Altman analysis [3].
3 Results
Diurnal variations in aortic blood pressure, derived from
intrabrachial pressure, (systolic, diastolic, and mean pres-
sure) and heart rate are depicted in Fig. 2, and the indices
calculated from heart rate and aortic pressure are presented
in Fig. 3. The comparison of indices from NAP and IAP is
shown in Fig. 4.
During the night, hypertensive patients had higher sys-
tolic, mean and diastolic BP and HR than normotensive
subjects (Table 1). Values of the oxygen supply index DTF
as well as the supply–demand ratio (Adia/Asys) were lower,
whereas values of the oxygen demand index RPP were
higher.
In the morning BP and HR as well as RPP increased in
both groups, while DTF and Adia/Asys decreased. BP, HR
and RPP remained higher in the hypertensive group, DTF
and Adia/Asys became similar for both groups.
In Table 2 the day–night differences are given. The
change in diastolic pressure and RPP was the same for both
groups, however, the other pressures and HR (Table 2;
Fig. 2), and DTF and Adia/Asys changed less in the hyper-
tensive patients (Table 2; Fig. 3). Calculation of oxygen
demand using the formula published by Rooke and Feigl
[37] gave results very similar to the RPP (normotensives
increasing from 3.53 ± 0.07 to 5.54 ± 0.43 after awaking
and hypertensives from 4.77 ± 0.19 to 6.44 ± 0.24 ml O2/
min/100 g.
4 Discussion
This study determined the diurnal variations in BP, HR and
in indices of cardiac oxygen supply and oxygen demand in
hypertensive patients and normotensive subjects.
The major findings are the following: first, both in
normotensive and in hypertensive subjects, an increase in
cardiac oxygen demand soon after awaking was accom-
panied by a reduction in cardiac oxygen supply.
Second, hypertensives differed from normotensives,
having a higher cardiac oxygen demand and a lower supply
during night-time. Third, their diurnal variations in both
cardiac oxygen supply and the supply–demand ratio are
smaller to the effect that these values approach the levels of
normotensive subjects during the morning. This suggests a
reduced adaptive circulatory capacity in hypertensive
subjects with a less evident worsening in the morning.
Fourth, similar results were obtained from noninvasive
and intra-arterial brachial pressure recordings, implying
that myocardial oxygen supply and demand indices can be
determined noninvasively making it applicable in larger
populations [11].
Fig. 1 Pressure derived indices of cardiac oxygen supply and
demand. The ratio of the diastolic period to heart period (diastolic
period plus systolic period), the diastolic time fraction (DTF) is
measure of cardiac oxygen supply. The ratio of diastolic and systolic
areas (mmHg s) under the reconstructed aortic pressure curve (Adia/
Asys) is a measure of supply–demand ratio. Heart rate (60/heart
period) times maximal systolic pressure Psys gives rate pressure
product (RPP) which is a measure of cardiac oxygen demand
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4.1 Methodological considerations
To obtain supply and demand indices aortic pressure is
required, since that is the pressure loading the heart, and
providing coronary perfusion [45, 46]. Oxygen supply–
demand indices were therefore derived from aortic pressure
waves, reconstructed from both invasive brachial artery
pressure and from non-invasive finger arterial pressure
recordings, using appropriate transfer functions [5, 20, 41,
43, 44]. Transfer functions compensate for the transformation
of pressure waves while they travel towards the periphery.
The transfer functions mainly correct for the amplification
of the systolic pressure [5, 20, 41, 43] and therefore above
all affect calculation of RPP and Asys. Generalized wave-
form filters in the upper limb show little inter-individual
variation at low frequencies [6, 7, 13, 41], which is of
importance for the calculation of mean and diastolic
pressure, and thus for calculation of DTF and Adia.
Therefore, inaccuracies introduced by the use of a gen-
eralized transfer function should do not have a major effect
Fig. 2 Diurnal blood pressure
and heart rate in normotensive
and hypertensive subjects. Data
show mean and SE. Dotted
vertical lines identify night and
morning periods; bars indicate
activities (siesta, cycling,
sleeping and two walks (see
Sect. 2). The changes in blood
pressure and heart rate in the
morning are less pronounced in
the hypertensives
Fig. 3 Indices of cardiac
oxygen supply and demand in
normotensive and hypertensive
subjects. DTF: diastolic time
fraction, index of cardiac
oxygen supply); Adia/Asys:
oxygen supply–demand ratio;
RPP: rate pressure product,
index of cardiac oxygen
demand. The slope of indices
change in the morning is less
pronounced in the hypertensive
than in the normotensive group
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Fig. 4 Cardiac oxygen indices
from non-invasive vs. invasive
arterial pressure. Non-
invasively (NAP) and
invasively (IAP) derived cardiac
oxygen indices in Bland and
Altman fashion. Please note that
the horizontal and vertical axes
have the same scale so that the
differences can be easily
assessed relative to the average
values. DTF: diastolic time
fraction; Adia/Asys: ratio of
diastolic and systolic areas;
RPP: rate pressure product
Table 1 Hemodynamic
variables and derived cardiac
oxygen supply and demand
indices
* indicates a significant
difference (P \ 0.05) between
morning and night,  indicates a
significant difference
(P \ 0.05) between
hypertensives and
normotensives
Night averages (top) and
morning averages (bottom) for
normotensive (left) and
hypertensive (right) subjects.
Psys, Pdia, and Pmean systolic,
diastolic, and mean aortic
pressure; HR heart rate, DTF
diastolic time fraction, RPP rate
pressure product, Adia/Asys ratio
of diastolic and systolic areas
(mmHg s), respectively, under
the aortic pressure curve
reconstructed from intra-
brachial pressure
Night (0:30–5:00) Normotensives Hypertensives Hypertensives
vs.
normotensivesMean SD Mean SD
Psys (mmHg) 97 2 123 1

Pdia (mmHg) 61 2 78 1

Pmean (mmHg) 78 2 98 1

HR (BPM) 54 2 67 3 
DTF (%) 67.2 0.9 63.8 1.1 
Adia/Asys 1.76 0.07 1.50 0.07

RPP (mmHg BPM) 5200 280 8260 320 
Morning (8:30–13:00) Mean SD Morning vs.
night





Psys (mmHg) 116 2 * 136 3 *

Pdia (mmHg) 77 3 * 92 3 *

Pmean (mmHg) 95 2 * 112 3 *

HR (BPM) 84 7 * 89 5 * 
DTF (%) 58.1 2.7 * 58.3 1.1 * NS
Adia/Asys 1.22 0.15 * 1.20 0.06 * NS
RPP (mmHg BPM) 9510 800 * 12000 840 * 
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on the estimates of cardiac oxygen supply. Please note that
the cardiac oxygen demand can be readily approximated
from measurement of systolic blood pressure and heart
rate, for instance obtained with an oscillometric method.
For supply parameters DTF and Adia the analysis of the
waveform is required. The need for more advanced meth-
ods might in part explain the fact that in the literature more
attention has been paid to changes in demand parameters
than to changes in supply parameters. Finally, left ven-
tricular diastolic pressure was not taken into account [8].
This may introduce an error in patients with increased left
ventricular filling pressures [12]. If the left ventricular
diastolic pressure would have been taken into account, the
supply indices would decrease. Speculatively, this would
have a larger effect in the hypertensives, resulting in less
favorable numbers for this group [10].
Cardiac oxygen supply and oxygen demand were
derived from aortic pressure in normotensive and hyper-
tensive subjects. Continuous ambulatory coronary flow
measurement, as a more direct measure of supply, to val-
idate the reduction in coronary perfusion in patients with
coronary heart disease is not yet feasible. Simultaneous
oxygen supply–demand indices from continuous blood
pressure together with ST-segment changes in patients with
coronary heart disease, might, in part, answer the question
whether myocardial ischemia correlates best with changes
in oxygen supply vs. demand indices. This issue should be
explored in studies aimed at elucidating the mechanisms
behind our findings. Our results show clear differences
between normotensive and hypertensive subjects in the
diurnal hemodynamic patters. We acknowledge the limited
size of the study population preventing us from general-
izing the observed differences between the subject groups.
4.2 Diurnal hemodynamic variations
Major changes in oxygen supply–demand indices occur
after rising, i.e., at the time when the peak in ischemic
events is usually observed [14, 47]. In this study the diurnal
variation in the cardiac oxygen supply indices and in the
Adia/Asys ratio was smaller in hypertensive than in normo-
tensive subjects, a phenomenon not described before. This
does not necessarily indicate a reduced risk in hyperten-
sives in the morning, because the smaller difference
between night and morning values of these indices was
largely due to higher values at night, only becoming similar
to the values found in the normotensive subjects in the
morning. Indeed, hypertensive subjects appear to be at risk
for ischemic events due to larger oxygen demand [19, 25]
during night as well as in the morning. On the other hand,
the reduced oxygen supply at night in hypertensives may
play a hitherto overlooked role in the occurrence of noc-
turnal ischemia [4, 35, 36].
Subendocardial perfusion is hampered if the Adia/Asys
ratio falls below 0.4–0.6 [2, 22]. The ratios observed in this
study, in which no strenuous exercise was performed,
remained well above this limit in all subjects of both
groups. However, this limit is not fixed but may approach
the value corresponding to subendocardial ischemia under
circumstances where the vasodilatory reserve is exhausted,
e.g., in case of coronary artery stenosis. Thus the magni-
tude of the observed changes in Adia/Asys ratio per se does
not reflect early morning myocardial ischemia in healthy
subjects, but may explain occurrence of coronary ischemia
in those subjects who suffer from coronary artery disease.
In hypertensive subjects [29] as well as in myocardial
hypertrophy [18], coronary flow reserve is reduced, ren-
dering oxygen supply indices better indicators of suben-
docardial ischemia in hypertensive than in normotensive
subjects. In these patients the lower limit of the ratio may
be higher than 0.6. Although cardiac oxygen indices may
help in giving physiological insight; it is unlikely that they
can serve as a diagnostic tool in an individual patient [21].
It should be recalled, that at the time of rise, non-
hemodynamic factors as increased sympathetic activity and
cortisol levels as well as platelet aggregability as
Table 2 Day–night differences
Day–night Normotensives Hypertensives Hypertensives vs.
normotensives
Mean SD Mean SD
Psys (mmHg) 19 3 13 3

Pdia (mmHg) 15 5 14 3 NS
Pmean (mmHg) 18 3 14 3

HR (BPM) 31 8 23 7 
DTF (%) -9.1 2.7 -5.5 1.9 
Adia/Asys -0.54 0.15 -0.30 0.11

RPP (mmHg BPM) 4310 880 3740 1040 NS
 indicates a significant difference (P \ 0.05) between hypertensives and normotensives
Psys, Pdia, and Pmean systolic, diastolic, and mean aortic pressure; HR heart rate, DTF diastolic time fraction, RPP rate pressure product; Adia/Asys
ratio of diastolic and systolic areas (mmHg s), respectively, under the aortic pressure curve reconstructed from intra-brachial pressure
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independent risk factors [33] may contribute to morning
increase in cardiovascular events rate through different
mechanisms.
4.3 Cardiac oxygen supply
As soon as coronary vasodilatory reserve is exhausted, e.g.,
when a coronary stenosis is present, subendocardial and
mid-myocardial perfusion become directly dependent on
diastolic pressure and time [8, 9, 17, 22, 30]. Traditionally,
reduced supply is associated with coronary vasospasm or
atherosclerosis [33]. The present study demonstrates that
hemodynamic changes may equally affect an index of
cardiac oxygen supply (DTF and duration of diastole) in
the morning.
A reduction in DTF can be attributed to an increase in
HR primarily through the associated shortening of diastolic
time. In healthy subjects a decrease in perfusion pressure or
diastolic time is compensated for by coronary vasodilation
[22]. This makes the decrease in the oxygen supply index
of importance mainly in patients with limited vasodilatory
capacity as in coronary stenosis. To the best of our
knowledge this supply index, in contrast to the demand
indices, has never been associated with cardiac ischemic
events in the morning [14]. Pepine mentions the beneficial
effects of beta-blockers on cardiac oxygen supply because
of the prolongation of diastolic time, but not in relation to
circadian changes in cardiac oxygen supply [33].
4.4 Cardiac oxygen demand
Diurnal variations in the balance between cardiac oxygen
supply and demand have traditionally been attributed to
changes in oxygen demand related to physical activity [26,
32–34]. The close correlation between an increase in HR
and subsequent development of coronary ischemia is con-
sidered to reflect this increase in oxygen demand [1, 16].
The observed increase in RPP after rising, as the result of
an increase in both systolic blood pressure and heart rate, is
in agreement with the hypothesis that the increased inci-
dence of ischemic events in the morning may be related to
an increase in cardiac oxygen demand. The oxygen demand
as predicted by the more refined method of Rooke and
Feigl [37] gave trends very similar to the RPP in our study,
thus supporting the consistency of the information carried
by RPP use.
Guelen et al. investigated the relation between cardiac
oxygen supply and demand and aortic stiffness [21] and
recently, Namasivayam et al. [31] described the effect of
wave reflection on cardiac oxygen demand. Given the
association that was found in the latter study between pro-
longed ejection time, and thus perhaps a shorter diastolic
time fraction, it would be of interest to investigate the effect
of wave reflection on cardiac oxygen supply as well.
5 Conclusion
Our study offers information on the assessment of the
myocardial oxygen supply and demand. Traditionally an
increased cardiac oxygen demand has been considered as
the factor reducing the oxygen supply–demand balance.
However, we observed that the balance also changes neg-
atively by a reduction of the oxygen supply. The smaller
morning increase in HR in our hypertensive group limits a
further morning deterioration of oxygen indices, their
values being already unfavorable at night. This suggests
that, with the smaller night-day differences in supply–
demand indices, the cardiovascular risk in hypertensives is
more evenly spread over the day and night than in
normotensives.
The indices derived from intra-arterial and from finger
pressure give comparable results, implying that noninva-
sive finger pressure suffices to obtain this information.
Further studies addressing cardiac death rate during the
night and awakening in normotensives vs. hypertensives
are now needed to assess the clinical relevance of our
findings.
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